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IKMK'VU^H 

It ooa 1 ■ doi i vod liquids air to hoo.aao iaq«oi t aul 
•outer a ol tuot tot tuibinos, l Iw i>| Uvt« ol 

••latent i^ut it t«*« on tho % olio* i on 

of l ho tut hi it* Muni tv ova luatod. Tho oil rota ol low 
ol thon* lMpul II ’.«*• 411* kiu*vtl t»' tv Advrtai*. I\m ov 
An plr, potasamw and vaiMvtyu* havo boon U#U' 

t HifJ Vlr.'ii 1' ■> by smuv nuyt|it4tii|i as ho in* 
aourvos ot MCftmtfd ooltoaioil whoti pot to Iowa lur l> 
air bui nod. On thr ot hn hand, **mr i«|hii it tr> air 
known to trduoo oottoaion, o.ft*. ijlviua, * 14*110 an** 
tNi’tii •»->>, H\*wvfi , t ho l v 4ti* 44ii| isipulltios whoso 
I'ltfl'l* 410 not khOWII 4IHt .'Oil 4 1 II t V III*' (Mtfi’lK .*• t Iv 

tilt O l 40 t t OH Ot l':ll I OH ■ I«)«l|| II |l*H 4 l«* l4IJt«*lv Mil* 

klVWfl. rtmr 410 two pot out I 4l 4|*|»«O40ltO» t O dot Ol 
wm 1114 tho ot loots ot t ho iwpu ill to s, Tho t 1 1 4 t Olio 
m to toM m4 nv io4 1 luota; by toatm* 4 Mo«J apoo' 

1 1 uw ot swli two l* tho ottovl* ot t tiv V4t tout It* 
put it io* tioai tho 4U4 l v >oa ol i ho I uo l « o.wnbuat o.l i*4n 
bo into* rod . Tho 4.tv4ni4>o* to thi« appioa.h 4io lh4i 
von U40 io4 I 1 uo l a 4 nil tho data that mw obtain* 4io 
uivtoi ooitdittoits oloaotv appi oaehi nji ihoso tom.d in 4 
• 04 I ||4a till hi no* The di »4dv4iii 440 B ot am- h t o a | a 410 
th4l tho d 4 1 .1 obtained 410 1 o I o V4iil on t v 1 1 » I hr (no la 
4 *' 1 114 1 1 v to atod. At »o, tut tout tv l hr 10 410 votv low 
I b «|u 1 d cost -ilr I 1 vod tiirta t h4l 410 4V4il4btr in quati- 
tit loa auttuirnt lot such u*at«. Vtio aocouil apptoach 
would br to ai4it with thr 0 1 0411 luol «md it opr it with 
tho laipuriltoa o| mtitoat in 4 pataawtiio tashion. 

Tho 4 «l V 4 nt 4|to o| thii 4 ppiO 40 h ia that atu’h input Uv 
%-iV)hi nat ioiib oan ho oaiotullv oonttollrd 4 »d votird in 
a *v atonal to t a *111 on at low 1114 I ho plod to lion ul at I 40 k 
duo ;o anv eoaqvatt ion. Thr d 1 aadvant 440 a to auoh 
l i'll* 1 4 to I ha t t hov do not bum 104! t no 1 uintoi 104I 


tutbino oprtatm* condition* and that ttw In*.* im*hot 
ot laqmt it 10* ot iiiIoiobI 1 014111 ir Min. warn to tv to 
bo awnlo. 

Tho wo 1 W dratiiM 111 (hi* 10 poll la ooiUihrd o\ 
otuaivoly to I ho doping appioa.h, lho ob|r% t ot ttiia 
oltoit ia to o V 4 lu 4 t o tho rtfool* ot I lay, lowpria 
(Mir, 4 iwt taqniMlv 00 lit out on pot to* ton. Tho 4ppt04.l1 
iisrd was to bum .loan tuota m 4 hmri 1 1* and adu 
aqueous solid ions ol tho input ilv coshinat ions tv 
mu tod to thr rmbuat 1011 44*0*. tho is|>vi 11 ir* %ln*wrn 
toi t ho so I o at * wo 1 o »nhu», potaaamn, t'aU'lus, stag 
IIOMmBI «IHl .'MotlllO. lho p 414 *Otlt. 4‘dlllOIU* .*| t llO 
laqhiiitioa wrlo al «t I ai 1.4 I U do a 141101! to auntwito 1 lb* 
iviHsht* 1 o| toata. Whilo weight ihaUfto 1*0 .ism ran* ul a 
wo to aa.li 1 , itioso data cannot bo usrd to sat t aldi 1 01 1 1 * 
ov 4 lti 4 to lho rat out ot hot rot 1%** ton attack* Tho 
tvpos Ot dopostla wo 10 ova luatod bv t' 14 V d 1 I I I 40 I ton. 
win to lho oaiont ot attack was .l«*t onainod hv «o.i*i t m* 
not 4 1 consuaqil ton* 

NATPK t AlJ» 

Tho viwaposit lous ot lho alloys uaod in I hi a pio* 
is 1 4 m 410 list od in tab to 1 . lho cobalt t*a so a.tov ha 1 
M-*Od i« ,i 1 •pi** at vaiio bmioiiaI whi.-li 1* gonciaiU 
con* 1 Jo tod (o ha vo good tint o.*Ho*ioi» loaistaiwo duo 
to it a '..van diuwius content, ttu* thioo nwi. I t*aso 
4 I toy a I iti hi no hi Ado covrt 4 141140 ot hot .f t t.«a ion 
to Bist anoo*. th tiaa ■.HlrtatoW h**t vottoston 

loaiataiw o. wtn to h-’dO tus s>waowiiat pooin hot rot 10* 
a %ou «o at st aiiv'O, an .1 IK |i>t> ha* 1 t*o toast io at at 411.0 
to auoh at I aok, Alt ot I ho alloys wrio vast hv 4 o.wtr 
Bvt.ial voihtoi into lho stinpo shown m Ti^uio Us'. 

Alt saaptoa wot O 41U M«i| od sini 0 i ratio,! with 4 loo 
hot. Pilot to tost oaoh »a(B,»lr wax aio.*suir.t 4t«*ii4 a 
d 1 Am* to 1 in (tw or lit o« .*. tho rapootod hot sour O14* 
Halt with a bruoh atoinart 01 to ptooiatou ot • .* 
aii'Tt*srtm and voinhr.t to * 0, ♦ 144. 



itoc&ouu 

A hurMf ns typical ol t He four tor th rs* 

Utl« i* «ho«n in Ki^uir lib) ind ha* b##p Jftt ub*a 
\a ft. brirtlv, each tm l» a tvmmal H«%h 

0. * { vpf 1 1 irJ «|| h A* I |«*| turl wtk'sr suttuv i i*n(»n( 
«4» detet mined to ih* 0.0*' * o.Clw mi ov*t lh* Juis- 
I ion o| (Nr ir*l*. lh,* tuet »»-au ul u» mi waited 
lu* itKtwl O.i**'* to Hh* Jo|>«nt • were injected 

I id o Ihe combuat ion diamhei 4* an agurou* ftiOul utn. 
fciitht i4*plr» Mil i *M «il »sl tapidlv lit lionl Ml I hr 
4»h*ukl fk*i«lo 4»«1 leached lilt* dr sued lemperatuir in 

* trw miiinl ft. A|tei each one -hour e*po»ute I hr bum - 
ri pivoted away and a K*hr«i*«ii nvlinj; uosste wa* 

4 i »*» t ed on l ti«* *|'.v !■•'«» In three annul rs. Then 
i hi* »'u lr mi irpeated. Aitn **0 t n U'i %*ne uaplr 
ol each Alin «ii removed and a «rw sample put in tit 
pU‘«< After liH» lfe»* wrri* irmovea, 

weighed, washed, and lewetghed. l tu» gave, I mi rs*. h 
a I lev. a » ample at *0 Iruia, hi 1 hou« * mi 1 00 haul*. 
Washing »im«it| *4 Ml inversion Ml each sample blade in 
itK* cc*s Ml water at bib* t tallowed bs * salt brush- 
ing in running wain, an alcohol i»n*r, and an 4iv* 
lt>|. lh* samp lr» *ri# thru along the plan* 

• K*vn in h$ur# lu), which is f hr center Ml lh* M 

tone. and where all temperature wruutmviUft wet* wade 
during th* run. Th* %ui sect ions were Minted mu)- 
lographic all*, pal i ?hrd and rt.hr 4. Thickness maaa- 
urmnli were made Im determine l hr final UuctnMt It 
•auaw penetration and la c a levitate maarmrss natal 
l*Mli). Mu Ir both lh* initial and linal I h» duresse* 
wre measured Im pt*»cnion mi • « ** pensive Mi 

•Mown l Mat* that resultant cluing* in (Nichian ii 
Mill * accurate to *Mu» • .dun dur to lh* irregularity 
Ml attach and other factor* aul lined in tt* larva** /. 

Th* sui t ace ot each at lh* lAHumt i«hd#i vet* 

«c raped 9 or A-iav dill ract ion analysts, A t*v ■lilt* 
gtams 1 1«* each sample were obi .un*d and analysed 
using a vwimr l -deNo 1 1 I can 1 la. Tbi* type Ml focusing 
camera wa* lleceswaiv because ihr CtupUMIV ot l hr 
pailrrna ot (hr deposit* ir suited in overlapping Jit* 
It action linr*. 


SIAIISIUAI IHSloN AM* AAA a MS 

► aye i i a* ol a l V ai .md i'l.tits 

TAe ekpeiimenl.il deni,.n u*«*.t in tin. piogtam i» a 
mod 1 1 l cal I Mil el a .lain. Ml cvpei unit a I design* th*' I*, 
s amt *91, l hr nr at.' all g» **•*» a It *at ion* Ml plana a> 
illustrated in P iguic •** Ktgute * *Iimw« an rkpeiiss*»ii 
c.muiM nut mi iw>* pail». a I mi cuiv' with a 

t .1 a r radiating inwt (hr cciHn poinl. in i hr cube 
part* pirreiUT Ml a 1*’1J.*I .lrn.it ra that vatian.r t.« rr 
at it a high Irvrl* Whl Ir ah^ruvr mi a l«itn indicate* 
the vai idhl«* I » a! il** low level. I he 4vmls»l il> d»- 
tt*»|e« all the Vail a Me* ate at ihe:i l*»u level. Hu' 
e*liei;ie* Ml I lie *t ai ate deii«M .**i »i .apil M l leil«t» 
uilh pin* mi avium. 

In the cuii. -in .* . pet i mein we »*.-.*.|.lei the a even 
variable * lifted in .able 1 1* l He otigi.ial plan *.•«■ 

m st ..I ,»j Iieaimeil «‘i*ti»n I .Ml 1MII . I.' Me |>i.i in I i'i 

gieiipH ihlocW*'. I ach pImcw mi *» t » dr»ignrd to 

.'••Male | in* el !.*.!■. Ml .mam viiiahiri. .ui.l (he n 
nteia. liens* A munb** .*! en.tngen we: e made dining 
I tie pi Meiers | tie e .p«*i imeni and I lie complete t i t 

. 1 I lie obM’iviM .tala . *■ giwu in ta(*le ill. the t nd 
I mi . mJ iioni* .*l I .i - - 1 «* ill »: i ve I hi* *i ini uni a l *r* 
c<m*imi> i.M IN IMP, V * '%*!*, IN >**» »ud Mai M n»**, je 
Npivl iicivi llie ne*l live eiumti* give Hi. pail.s pel 
Vlt llt.MI 1*1 wrif.lll Ml .MniWl^llMU gtlM** el N.i, K, Mg, u 
a* .1 »’ 1 * imJ.iiivm ten p. ve> I tie lei. I ( ewpet at ul* , »* , aim 


cmIum It giv*« th* l im at *gpa*ur*. Th* |gg| tw 
taliMw iNMily lh* rig an vhich th* t**t mi run «nd 
th* tvtt*t cad* la* th* I vr«(g»M caubiuat ran •» d** 

I mad a her*. A nu*b*t ol lArigri in thr uit plan 
mu uh u ihr pr%«gtv»» at ihr run*, t hr tint at 
thrnr irbultrd tn* a data r*virv t«*vard th* and ot 
blow*b t*i». g*vau*r at thr good cotirlattan* abta»n*d 
ai tha« pM»m % bl.vb* thire and Imui urt* cendmard* 
Hock live, con»i*iing ot thr *iai point t va« run in 
«l « enl it*' v. 

A *rv end cotutriiaai ion c a»«* aKntt i.w^nli Ihr *uw 
ot lh* couplet ion ot block I ve and hrtoir t hr itati ot 
bUvh five. At itu* ivini a t rrva l »iat ion ot th* am* 
ot the piogram «adr ii clear that thr dopanta atu^uld 
hr c on* t dried in ir»»» oi eliucnu vathn than com- 
pound*. Tbra r* ptiuanly b*caua* it uowld b* drill- 
cult, it not r«po»*iblr, to analvt really idrntrty ihr 
CMMpiMindl ■> in which thr vairoua input. tie* wrir pir»* 
r«u h*cau*r el I be low U*vel» at CMtvcnlr*t ion* tMumt 
in it«**r turl*. 

W* there! oir «*d*tinrd ihr roarpendrnt input liv 
viriiMn ot intr«r*t aa pari* prt ml l ion at th* *la* 
m*nt» Ma. k« Mg, C« and Cl. Thia rhaih* had tn* *1* 
tact af reducing vanarderably thr arthaganalUy a( th* 
original draign. Thr rtt*vt was primarily that it was 
rather highly cot related with Mg and C*, |*a« highly 
car related with ha and K t and had no ettect an a car* 
relation at Cl with trnpetatur* and with tin*. Mor 
ever, it did a*an that lh* Cl com* antral ion* tended la 
i%* on average considerably higher than th* at bar vari* 
nblea. Thi» approa.b had Util* edact an fit of the 
data. 

In older to a Ur vi are I hi* coi relation problm and 
to vet it v that only ihr preariwe at the rngrvidunl 
* Inaanti natter, sever a I gdditi.mal rune were nade 
which **pand*d the scope ol thr ekprviamnt somewhat . 
n^rsr taiu are identified bv the %'iule t'XTAKP in column 
l" o| table III. In addition. %mw * * ^ ves 

■ai r with no dopants, that is. o*iu . . 
Thi*»v avr ladled oMhAT \i\ cehsm 1 1 %M 

to 1 1 lust rat r the scope ot the program, . **• 

ot paranrttic plots ot the lewis ot thr indrpriw nt 
vat i able* have been provided. Not all pairs air 
plotted, s* sevria) such plots air very similar, in 
pair iculat Ktftnie h a ) »> a plot ppm Na versus ppm 
Hg. Na vs v l , k vs Ng. and W vs i'a are very similar 
and Item t 1 iimi sepaiatelv plotted, likewise. Figure 
Hb) shown ka v* temperature with K vs temperature 
being .ilmoM identic si. Figure He' plots Mg v* tem- 
pi* i at ure with u vs temperature being alm«st tdenticil. 

J t win s i on oi i*t tie t Vail oble s 

Me si lie* t lie pt imary design vat tables it was nec- 
essary to in.’ lude the possibility that I up l-lo-gl r 
i at ims bad an ettect on ; iKd. ld> t and (bai three 
could N* sin t email.* h4.m t i mm one but tie i rig to 
•mottle l* lite cowp.ii i sot*, ot itg ettect* can be in- 
cluded by the use ol dusrtv v.it tables, Tltat is, a pall 
ol independent variable* Hi and k; ate del me d 
-i . h that Uij, g;' cvjitali. t 1, -1) lot i ig one, 
c^ual* 1*1, •P I oi tig *we, edits l* 1 ♦ l , - |> tot itg 
tn ice .tint r«iu.il% i •* ) , *P lot tig Imui. Pirn I tie 
1 nr v e v a y i ab l e * * j . K , ana K t k j wi \ \ tell *v t 
I In 1 I .* 1 1 mv t tig a 1 1 1 > ii'iw a** ■ 

i t w.*. i *m e» iiig * • lig s)*|iig l * tig ,*> 

i mi** .i *.« t e * i i i g .* * tig •* ) l l » g * * i i g *• ) 

i j i ; Rt»* .i m* ; c s 1 i » g l • I t f. •* ) - \ 1 1 g .* * \ I g 'V 

luel to ait lalic wa* toiisidned a* a vat table only 
lot I lie .I’titi't pMini inn* * i iw .* il w.»?» iimi 1 1 '« Ml ded in 
detail lot .PI ot i tie i on *• 



ttLg is* Hrirr £aiau 

e*M«r o( 4 (f«ml composite 4«St|« !» 

tjflicilii NpNlW w water «( liai iia this caw 

• were 14 rapat it tome) during Ite esecwtiuu of tte 
overall aifavivM* Tte ^riwarr cmim tot ttei is 
lte4t itaet ite roatot point tea 4ll Ite; coattolUlU 
v«riab|t« teU it aoataally itew i;ii lowli, (tea# 
lorUciita provite information on, |> in iwiapoteoM 
measure of ite latertai viruteliiy or reprodur a bt lit y 
at tte roiullit *) this attar aatint* Mr thaw te 
co«H^ to tte error oitiaito otenate trow titt.rg 
w»ro CMpttcilte fault loaa t o wit of tte data to 4 e- 

t ana too n tte «otf iiwtil oauat ton ta aJoauai », i) 
tf tte cantor point a or# t vat ei ;perse4 in Um than 
*tey can of tan ba ava4 to chacs lor 4r»tt or trttea 
that Wight he ocv'urtini Joa to chanting voteittoM 
ooav Ite roatN ol tha run a. Tho model used tor thm 

analysis ia tog 1 • • *\ * log t &me ♦ •; I /a 

• lj 1| ♦ * 4 tj ♦ Ry Ri Rj t t , 

fuUjau Analysis 

Tha fundamental tom of tha aotat c ho nan in a 
povar law in time, that in, x • a. t«* where tha 
rata constant i| it i f owe t ion of tha rawamiwR var- 
iola#, that ii t Ha, R, Hr, Ca, Cl, tioa, temperature, 
and I ha ri»;i, Hare specifically, wa use t • C.UUK 
CiUWCjlHgWCgiCal.C^Cl) t •» aw^. in (»i ♦ $ j T ♦ 

Ia T* ♦ I) l| ♦ lg Rj ♦ Rf ft| li) ♦ a uteri x • 

natal recession, Ha ft, Nr, Ca, Cl • respect ive dopant 

laoata iw ppm, t • lisa in hours, T • temperature 
divided Ml 9 , R| and R 2 • dummy variables 
indteatiwR tail rig, c • tha unobservable random error 
and each of tha C % ar a of tha toms 

C| • ld u ■ U- d^l agp ad i2 > 

Thin functional tom has tha following prop* 
artian: a) it in essentially a power law in time no 
that at tin# aero thara is no attach, h) tha iopur.ity 
tunctionn have tha value of unity at 0 concent rat ion 
nnd ara oaywptotic to #• concentrat iona go to 
infinity, c> tha second order polynomial in tha tarn* 
per at urn of tha a«r'' n * n tial lam will allow for tail* 
wal rata ol attach tor none tmporaturo if ft* ia 
!#•• than taro, and d) indicator a holiof that tha 
experimental error ia proportional in natur# rather 
than additive. It nhould ba point ad out that thin 
type of curve fit requires tte una ot non- linear va* 
g session. 

The bahavior of thin family of i ipunty function# 
in indicated in Figure 4, The value of ♦ \ ia an 
aiywptotv auch that ia great ar Chat 1, and the 
function ia monotonically increaaing, Tte paramatar 
♦j wuat he greater than aero and .ntf^itfa the ra* 
pidity of approach to tha a ay op tot a. Largs value a 
indicia rapid approach and amall 7*. la* a indicate alow 
approach* If R| m laaa than 1 the tunc t ion ia 
monotonically dev renting Co R|, small valuen of 
R l indicate a approach and large value# a rapid 
approach. 


RESULTS AND DISCUSSION 

Diffraction of Depot it • 

A# a reaulc of the many different teat condition# 
on four alloy#, chare ia plrthcra of X*ray diffraction 
Cat a. There data are praaented and diacuaaed in de- 
tail in t tu Append in. In general, the dopant# tended 
to ferw the aawe type# of deposits regardleaa of tha 
concentration or tha combination# with other ele- 


manta, 1% i« the camhwotiow product# leaded to depot- 
if aa NgO, ta, on the other hand fancied vim null of 
i« the fuel lo fom primarily ca aullate. An enpectod 
faom other work I Ret, III Ha and K also depot, ted a» 
au I fat an. in tha cane ot Ha, Ra 2 tht„ wen the ft / - 
•ary phase, however, it wan found i„ thtee separate 
ery nt al logfaphic modi I lent ions. K, when present in 
opprec lable quantities, van found a» ami n 

a !*•' « tuhinH vilh ite te;A^ lo loin a mud 
nut tale K |te;. ft A\, Through, nil the ana I sm+> a 
art ol unknown lines consistently occulted tot which 
n,» natch could be nade with the p,«w4et di inaction 
tile, iy correlating the pienrnce ol these lines wild 
'he concent V4t tons ot the dopants, w,* wet«* able i ,» 
determine that thin wan prohabiv a phase prinaiilv 
cdapiwd of Ra wuh s omr h and ia a» a suit ate. flu* 
phase wan then nyothnnined an atevi. in the Appemli* 
and determined to be appronimatelv tegK;ChA)^) t , 

The above phaaen accounted lor the vast *ma|,»r it v ol 
thoaa toumd in the deposit n. Twice a Ra^i'ajlSO*! j, 
Rlauhenta, van found and a lew weak linen which were 
never identified ware seen in a tew ot the pallet on. 

The prate nee ot thane phases presented lew nut - 
prison, an such sulfate forming tenet ions have genoi* 
ally been found in t he aa typoa ot te at a and have usu- 
ally led |o accelerated corrosion* This in especially 
true in tha canes of Ha and R au I tat an and their mir 
terea, The complications introduced by the Na, K 
an 1 tales and tha Ra, R, Ca sulfates ia that these com- 
pounds fom liquid deposit a over tempeiature range# 
which are largely unknown. Aa will be seen trow tfew> 
discussion of the natal recension data, high metal 
recessions ar# associated, aa would be oipected, with 
large concent rat ions ot Na and K nu l tales, 

Nat A I Race anion Oat a - Center foini Analyeia 

riots of the raw data for the m.trr points are 
given on log-log scale in Figure l» The plots aie 
done separately tor each i ig. Table IV presents the 
result i of the rer'ieamon analyaiatoi each alloy* 

The analyeia »; the IN- UH) venter po I ni data in- 
dicates that the exponent o| time ia iwithm • a up ling 
error), - l, Thin would indicate the corrosion in 
proceeding via a nurlnce reaction* Nucli react urns 
would indicate that no protective layeT in being tormr 
ed during the cor>ai,»u pr.vesn and would probably 
result in highly accelerated corrosion, awl indeed 
IN* 100 it known to be a very cor romon-prone material 
Ue(. UK 

Thi* coefficient of the tuel*to-air rai io is nega- 
tive bf a significant amount indicating that as tu«l* 
»o-ai increases at thia temperature the cot ronton 
rate decreases. These results are n%n in agreement 
with the luel-to-air ratio ef tecta obterveJ on Nar 
H-MW aa shown in Reference 10, and indicate that, 
quite probably, fuel-to-air as a variable, like no 
many other variables as found in Reference II, aftect 
different elloya ditferently. 

The coetficiente ot the rig el tecta ioply that 
riga one and two are similar aa are rigs three and 
four, but (he tvu avia Jitter significantly. This 
di Iterance in apparent Iron the raw data plots of Fig- 
ure 1, It is interesting to noie that rigs 1 and « 
are combined on one table in the laboratory and and 
rigs J and 4 are on another table. While nominally 
all tour rigs are built io the same spec it icat ions and 
presumably identical, it i* quite obvious from the 
data that rig to rig variations do esist at a level 
significant enough to be detected in this type of ex- 
periment . 

Tha variance and the standard deviation animates 
are 0.0142 and 0,1 IS, respectively. The approxiioatr 
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c«sfUiMt» tiMli 4«ftv«4 I tern 4i«Cfi* 

but i oiks «v« Tbit ii l#»« I ha at «^mI to lb# 

miivt which i • l#** tfe*e or «4uil 10 U.dilt. T)mn 
1 wic • are imn in Tabls V. Whes fit nag in lug at 
metal the esttmat v ot itiN4r«l NvutiM 

c.:n bo used to provide approximate propuit tonal rnat 
luili an 1 « Fm examp le, (hi dt *t vibut too ot tog t 
valurt lot 4 luatl I i»a, luf t~ta*4ir 141 la, and rig 
ha* 4 it anlard Jvriil tan, a . so mat log It) • • o is 
estimated bv t hr log it) • Upon taNig I ho ant i log 
wo i inJ that t»U‘*«i, *o mat li>**s represent* pia* 
pot l lotu l mat limits. For the In-UK) wr oMaiwti* 

0. vg and •!•».! indicating t hot tm» c* limits sir I rom 
about <*•* K*w to U high. 

The I*- »*iV ki’itln point data mail air lit.ti me CO- 
Cl SIC leilt 01 flu* loj; I lla 1 In »%£»» 1 1 »C 4 >U Iv 1 4 IgOI UV 4 U 

l< This mail 4li’> a react ton ta»i» i tiun »uita« «* *an* 
(lolled, possibly due 10 si toy depletion effects. 
TN'tttrl*ta*iir covttic irnt t* signi i icant Iv negative 
and hence itMtiaUi decreasing attack with increasing 
luel-to-ati at wsi towns with tin* Ih-U’tt, there 4 to 
two itgntluanl tt* ell eels with tin* laigei being tigs 
l asi » vs tig* i and •*, again 4 * wss toust with the 
tM*li>U, rtigmrttonal .0 limits there see estimated to 
N I’tH low to l+'% high. 

The eoslttcwnt on lime tot Uw center point data 
at 1 s !)•»;, only slightly an* Her than I. I hi* 

could possibly indicate a corrosion process that is 
partially surface coni tolled and partly dtlUiiatt can* 
trolled. The luel-to-xir coefficient is not aignit- 
leant ly different 1 rom «eto amt hence, appears to be 
not involved in the corrosion ot this alloy. There is 
one significant rig eitect, being the ditterence he* 
tween rigs l and and rig * * and * as found on the 
proceeding l wo allots, 1'ioport tonal • e limits are 
estimated as «*.'% low and /JT higlu 

The Mr N->UV center point results indicated a 
coefficient in time of about IM» which is not signit- 
leant ty dilterent tun 0. s . This may indicate a pri- 
marily diffusion controlled to act ton. The micro* 
structure ot tlu< attack ooue hmnd on the >Ut 
alloy* hot h in this *mdv iFig. t»> and 11 *. previous 
work iHet. 11), indicate that l In* attack is Largely 
down gram hnindarirs, presumably requiring the t ran** 
port over a 1 at hot long distance and ma> he the cause 
ol the low exponent in t use, 

Theie is a significant litel-to-au ett'St bet no 
signs lie anl 1 ig ellects weie %*nxeived, Itowovor, as 
was the imm 1 in the olliei iluee all>«v*, the fuel -lo- 
an coe I lie lent was negative in duett coni last to the 
it-miltN found in NIimi'ixt Ii*. This may hv related to 
the dill ereiic e * between the two types ot experiments 
in which ihe teieteitced woik was ohiatned an statuni- 
aiv samples and the cur lent data ate obtained 01 ; sam- 
ples 1 elated in the manner de sc need above, liowevei, 
in 1 lie absence ot toil her woik the aiuwn.ilv cannot be 
I it 1 1 y explained. The propoi t louat two o limits aie 
esiimaied as el, low to v*i. high. 

A n a l y s 1* ot the Full h a t a :»c t 

The model ot the equ.it wm was tilted to all l lie 
available data 101 each alloy by a least »*|uaie* roclh- 
od. The se It -const si elk’ y ot the data was examine.! by 
computing the tesiduals lot each available ohseiva* 
t ton. Till* consist:: ol comput ing the ptedictea values 
.it log 1 let each data point and suhltaciiug I hat 1 rom 
the obsetved log t, These te*tdualx were examined in 
net * ot 1.'. because ot the expet imeut al lUtViduri 1 
const *t mg oi three pin* ot each atloy at **o, t>0 and 
Ido hours u i* quite possible that there is some cot- 
1el.1t ion Mitt, lure under lying ihese I.’ obsei vat rons 
due to st*me cobsixmi uiwoe; rolled unknown variables, 
b aled xqn.ued distances tuns Lin* origin ot these 


wet or* of diarsatas I i wt* tmpvttd, ordtrrd from 
(dm sms I last to tN largest, «M platted cm g chi* 
ipi«rv 4 probability ecale » action b ,4 of 
utiasadsst t*n llrf. U) for details). If the residuals 
ilogt - log f ) are normally driinMsd with no sig- 
nificant inability observed ot t h# calculatmd model to 
lit IN data, t hr plot should be a straight Urns. 
Figure J show* «hr resulting plot which loot* somewhat 
like a straight line except tot possibly points el, F* 
and eg. These points were deleted t indicated by A in 
table IX P aiwl the milrli tel it. The rsliMted cost* 

I ictemis weir not much dilterent. The residuals le* 
this tit were calculated and plotted with the teaull 
plesentrd in Figuie b. This plot seems to indicate 
1 wo different sir sight line* with points *>, it*, •*» as 
possible bod points. I ho two *11. tight lines mav hr 
interpreted as indicating t wo r nor piocesse*. l*pon 
eaamtinimg the data points on the al roper ot the two 
lines it appears that a 1***1 a) I ol l hem involve A 
situation whete I ot oi» houi* is less than 1 ot *0 
hours lot one 01 more of the allots. k* oihei pattern 
was seen to erne 1 go. At lei 4 detailed, two step anal- 
ysis ol the remaining data examination, all the data 
point a labeled A in Table *V were also dropped as be- 
ing suspect and the models again retitted. These are 
the results given in Table V, Upon comparison u was 
be noted that the largest difference is in the esti- 
mated s value. For the models tit to the edited data 
set. Table V, we obtained s valve* much more in accord 
with the center point lit. This tael along with the 
fitted equations being suite similar lot all thiee 
tits, leads us to conclude the results ot the use ot 
the edited data yielded the best results. 

Error * 

be I ore discussing lh«* trial iw effects ot the var- 
iables on each alloy, the estimate* ot the residual 
expet mental error and the impact 01 this error on the 
result* to tollow will be discussed. the model is ol 

I he t on* \ ■*»! t* l# 10 r whet v » 1* a laud.vn eiroi. 

Thr estimates ot Table V which ate labeled 0 * ate 
estimates ot the vat ranee 01 1 , l*lu* and minus two 
standard errors ab,mt Hu* m.Hlel e«|uai ion is thus given 
by: dj 1 *^ X 10* • e. Table V represent* tlu* fac- 
tors llT-‘\ 10*-^. l| is thus seen that appro* t- 
smtely ot tlu* observation* should tall within a 
factor ol two tot and Mar W“*u>**. Ine dV| tol- 

erance limit u slightly laiget, about .\ s t lot IH-luO 
aikf |i-/iU», It mu * t b«* noted that tin* i» stitctly 
tine onlv it the • are independent and notmallv dts- 
tiibuted, the model a* slated i» coiled, and we kin*w 
what the Hue values ol aj, a j ate* The prohabtl- 

II v plot* ot Figuiek ' and b 1 tut scale approximate nor- 
mality* he ate not situ* ot the choice ol the model. 

It has seveial teat me* that are Jesttable bin clearly 
caiUUit be assumed to he exactly collect. We musi al- 
low tor the possibility ot a luiuic ditteieni ouHie l 
being su'ie chemicallv p«e%i«e. hue to l he tailiei 
laige experimetu al t*i toi it will he diri tcult to dis* 
iinguish among compel mg uxidcls unless: l) ihev are 
gloss Iv ditteteul, 01 ;> w»* peilorm very extensive 
expel imeut at ion. All di*cu*»ion \ ** in t i*tn* ot the 
chosen m»vtel. hV then come to the point Mi.n w»* have 
onlv estimated tin* coe 1 t ic lent 1.. tlieie a *e eiiots a*ui 
inwettaiiify in each et 1 tu« s..-, and Ivivr, uiweitaintv 
in tlu* titled e*|a.«t 1011. Tiieie .11, • ne exact su'ttiod* 
available |«m 411a ui 1 tv tug this ntwet 1 ai lit v in the ca*e 
o| noul»n«*ai least Sftp.ates. The existing ,ippt ox iiuut * a 
technique* aie cumbi iseme aiul ot tiveiiain validity* 

What we are most interested m aie tliaw vat tables 
which cause changes in I he depth ot attack that aie 
great t'l than the changes .t;*e to t aiuKmt * amp t tug. 



Increasing levels tncrtiiv lb*' rate at ai - 

*«cl for oil four The incr««i< it Mp^uUy 

flattie for IK-100 and V-700. From Table V, the jr 
^tot ic value* tr« tor lH-100. M4.4; lor 1*-I00, 

10*. 2; for li-Ju;?. *'V».« C md tor lUr H->ov, 2. so/. 
These vituM arr slightly tuiradiai tiewr they arr 
hM atyroti'hrf within the *->d \\m Ivvrli observed m 
tho nyavivM, fiery; for Nar MOt. Figure f(a) 
•bout a uif I octor tor sodium over thr interval i>-* 
PP*i Although not plotted, the t At tor lor sodium in 
107, g at * ppm; i or IN-10U, I** 700 tod I*-/*; it in 
rvidtnt that t ho change in attack over thr 0-S ppm 
rang* in considerably larger than the super mental 
error, while tor Nar MW the change in clone to thr 
error limits* There are evidently real di Iterances 
between the rate ot each alloy also, Aa an approsima- 
lion consider that at 2 ppm the predicted factors and 
the error limits are 



rlO**° 

T 

l0 s2O 

IN 100 

19* 7 

4a. 7 

120. i 

U-700 

*.* 

li.9 

i*.a 

IN* 7*2 

2** 

*.0 

10.0 

NfM* 


1.7 

3.3 


These results are consists*! with published data (Kef* 
10 inaamuch aa they indicate that increases in sod list 
•re s esuse of inersasiag attack, and that the alloys 
corrode in appro* usage Ip the order one would expect, 
mainly the no St corrosion resistant, Nar P*5W through 
the least corrosion resistant, lit -l 00. 


reduction ot rate ot attack from 0. |R*b to 0. ds* 
pending upon thr alloy- Chlorine concentrations tangc 
from O- lb ppm. the rate factors are plotted iron O-10 
ppm tor ea .» alloy %»n F iguie *'U. This indicates the 
response to *n» rather similar tot earn alloy. The 
redact ion in attack dur to thr chlorine i* . ieater 
than the erior limit*. These results a-*- swwhat 
■uryniug *«• rsilin nut »n burner • *?;» I*e|, ll> 
indicated t'.iat chlorine was probably * cause ot accrl- 
eraied hot corf.-.-ion. although the data were certainly 
not unambiguous* In this case all ot the data seen* 
to strongly indicate th.:t chlorine, vltri* present, can 
be a cau»*‘ ot reduction or hot corrosion and not oi 
accelerat ion* Thi;. is const stem with the re«*ulis oi 
Kmeggit (Ket* U>. 



(Hie important and disturb*!* variable to consider 
is rig effects* he rigs are nominally identical, 
thus whatever variability there is trom one rig to 
another is a lowjr bound on the diiferences that could 
result between two different labs. This is because 
many things change from lab to lab, least among them 
the rigs. In our model the rig offset is iocludsd 
through th* inclusion of the two dmny variables, K ^ 
and Rj, Table Vi presents the deviation of each rig 
from • nominal or main rig by indicating the value of 
1 Qa*(Ri ♦ 17 ♦ l» i 2 )* It in thus seen that 
rig 1 tends to yield attack results about lH4t high- 
er then nominal, while rig A yields results about 
11- IbX lower then nominal, ttigs » and 3 are about 
average in their effect on corrosion attack* 


Potassium 

Increasing values of potassium cause increaaii* 
rstts of attack* The numerical values delimit the 
rate function are given in Table V, and the functions 
plotted over 0-* ppm in Figure 9(b). The change in 
^k over that range is clearly larger than the randan 
error effects, but appears to be about the same foi 
each al loy . 

Magnesium 

Increasing magnesium concentrations decreases at- 
tack for all but the Mar N-*09 alloy. The Mar *-*09 
alloy indicates essentially no effect over the range 
plotted, 0-* ppm. while for the other alloy# the 
change in attack is about the same* Thus, this study 
would indicate that magnesium is a favorable element 
as would be concluded from Reference 1J, but not 
especially so. The behavior of 1M- 100 and 1R-792 are 
very much alike. These results are plotted in Figure 
9ic). 

Calc 

Calcium appears to be a favorable additive as in- 
creasing calcit* concentration leads to decreasing 
attack for all alloys. The numerical values in Table 
V indicate rate reductions of trom 0.19* to 0*607, 
These limits are nearly achieved within the levels of 
calcium eamsined and the factors ars plotted from 0-3 
ppm in Figure 9(d). For IK-100 and IN-792 there is a 
very rapid reduction in rate, while for U-700 and for 
Ha- M-*09 reduction is not so rapid. Over the rat^e 
of 0-* ppm the change in the funciton is larger than 
the error limits* These data arc certainly consistent 
with the inhibitor data published in Reference 13, 
which found that calciie decreased corrosion to some 
degree. 

Chlorine 

Chlorine also appears to be a beneficial dopant. 
The numerical values of Table V indicats atyeptottc 


Teams rat uts 

The model chosen for the temperature rate factor 
has the obvious drawback that there are no te^erature 
dopant interaction terms. It would be expected that 
Mg would not have an interaction effect over the range 
of interest. It forms KgO which probably acts only a* 
either *n inert solid or as a slight inhibitor (Ref. 
13), However, NgO is a solid at all test tempera- 
tures. Cl has been shown to remain largely in the gas 
(Ref, 1*) and whether there should be a Cl - tempera- 
te.** interaction is questionable* One would expect 
ha-, K-, and Ca- temper a turv interactions aa these t orm 
sulfates whose dew points and melting points may be in 
the test temperature rang*. Since it is generally 
assumed that accelerated corrosion occurs primarily at 
temperatures between the meltii* point and the dew 
point of the deposits, the cosposition of the deposit 
should strongly influence the shape of the temperature 
- corrosion curve. 

At this stage of the development these types of 
interactions have not been included in the mojel. 
Nevertheless, the temperature profiles predicted by 
the model are in reasonable agreement with the ob- 
served data which would indicate that the potential 
interaction terms are not necessarily first order ef- 
fects over the temperature range of int.rest here. 
Further refinements in the model may include the 
temperature-dopant interaction terms provided that 
their effects are greater that the uncertainty in the 
data. 


CONCLUDING REMARKS 

An attempt has been made to study the corrosion 
attack of turbine airfoil alloys as a function of Na, 
K, Ca, Mg, Cl, temperature, and time utilising a sta- 
tistically designed burner rig program. An attack 
modal waa developed from thess results which, while 
obviously incomplete, seems to account for most of the 


5 


\m portal* first oNk At ww data b mp— 

iviiUblt, modi* ic at too aad uhwatM of Ik toe«l 
should allow greater predictive* ability 


A tendix _ X-Ray Pi I tract ion Result* lor Dspottli 
by Ralph (f« u4tl tel 

f he Ou* mer-deWo 1 1 1 t vk us \ t% camera or t boa was 
uaed tor analysis ot thv powder samples* This method 
was used chiefly because it otters better separation 
ot peak* than w*e other available Methods in the range 
ot lattice spacing* where peal ovrrlap often lend* to 
P rob leu* in phase ideut it icdt ion. This method site 
ottcr» the advatil age ot the ability to von « sauples 
under the same diit tact ton co ltd it ions at the suite live 
and having the resulting a patterns on l 1 1 la lav * otr 
partsoti* This is ideal tor cc oansoo ot deposits on 
the a allo>a tor the »«ss depo t! conditions. 

The results ot the dltt reel ion analysed are soar 
•art sod in Table V|l. Under each phase the let ters 
indicate the relative intensity ot the pattern tor 
that phase compared to other phase# present, g in* 
dicat ing strong, It cseduiw, and V weak. The caster 
points are suamunaed as it they were I run. and* al- 
though there was sees# variability in result s, the m* 
jor phases present were substantially (he aaao for all 
runs* Sampling to Ret powd«r (or A«Uy analysis was 
done primarily for analysis ot the deposited material 
and attempt* were made to avoid including lh sub- 
'<tr.*ce or ides formed on the sample* In a any case# 
this was not possible, as indicated io the table* The 
ensense of substrate ill the X-iUy sample, there (ote 
dees not indicate that none was present on i he sam- 
ple* As expected, substrate ox id** was most olien 
pro sent in the l«*IW samples* *#;£«*, presented 
in (be Table aa l phase, was actually verioua combin- 
ation* of 3 separate phase# - type# l, fit, and V 
Na , with l y pos l and V more comm, ot y pv# sent . 

In most cases onlv t type ot Ra % >Si\ was present in 
u sample* The k^Na^ formed in many oi the 

rsaplcj is a hexagonal phase with a range ot vomposi- 
t ion ot at least liox to k ^ yMao ySO„ 

with the unit cell me teasing in siae as the R/Ra 
ratio iiwreasoa Otei. lv). 

The column designated iia t pi^iatbt)^) e is an 
estimate ol the formula lor a phase tor phases) 
present m mw oi the Samples* As previously ind i- 
call’d, a set ol unknown lines occurred t r***)uer.i ly 11 
certain samples, by cortolating tin* preserve and rel- 
ative strength o! this pattern with concentrations ot 
dopants it was determined that the phase was probably 
a suit ale with Sc. tee principle cation, and small 
ainouiU s ot ( .‘a and k also necessary* To svnthesiie 
this material, several samples m this composition 
range were mue,i lioui tile component s MsjSft^, 
iobi\,, and kj5it». f% these aiixtu.es were heat* a st 

tor '* noiiis, cooled and X-Ra> di t iravt ion pat- 
terns run tor the resulting materials* The result# 
are smrosaitied n. tin* three component passe map, fig- 
ure 10, The sample with no potassium lNa/C*/K • 

//.VO) consisted oi Na^SO., ♦ CaSC*. All other 
samples contained the unknown phase, w;th • sample* 
containing only these unknown line*. These samples 
were these ot Nn.tJ'K rat io* el S/./l and in- 

dicjti.lg a iange of compos 1 1 lou lot the unknown 
phase , We have designated this phase as 
N.tgK 4 >i'.a\ SO„ )f, which certainly represents the 
approx imat e ceiupox it ion. The oiltcr samples in the 
svnt h*’s is a i tempt consisted oi this phase plus the 
sul late one would expect Horn the composition te*g* 
NajSO^ lor Na/i'a/K • d/l/l/). 
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TABLE 1. • CO M BOS It l OB OF ALLOTS 


(All Vs Inis irt Baigbt Nr«««t) 


mm i 

IIMOO 

U* TOO 

w-»»: 

MarBSOO 

Cf 

10 

14.’ 

12.7 

23 

Mi 

Sal. 

Sal. 

Sal. 

10 

Co 

IS 

1S.S 

0.0 

Sal. 

Al 

ss 

4.2 

3.2 

• 

T4 

4.T 

a.i 

4.2 

0.2 

m 

3,0 

4.4 

2.0 

• 

« 

• 

- 

3.0 

7 

TS 

• 

- 

3.0 

3.3 

NS 

- 

* 

0.0 


V 

1.0 

• 


• 

MS 

* 

< ,01 


• 

Ft 

• 

0.1 


• 

Si 

* 

<0.1 


• 

Zr 

o.s 

< .01 

0.10 

0.3 

B 

• 014 

0.02 

0.02 

• 

C 

O.IS 

0.06 

o.: 

0.6 


fABLE II. * THE SEVEN INITIAL VARIABLES AND THEIR LEVELS 

Center 

Star (-1 Cube (•) Point Cube (♦) Star (♦! 

A NaCI .04 PPM .’O .45 1.0 4.95 

B Sa ,S0 4 
C KC1 
V l,so 4 

e w*a : 


CaCl , 
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TABLE V. - RESULTS' OF MODEL FITTED BY DROPPINQ POINTS LABELED (•! AND (b) IN TABLE III 
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Figure 1.* Hot-corroslon apparatus and test specimen. 



Figure 2. • A control composita factorial design tor two variables, A and B. 
At and Bt denote axial or star points; C. P. danotas • cantar point; and 
a. 0. ab, and (U danota cubs points. 
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(c) TEMPERATURE AND My. THE PLOT OF Ca VERSUS T IS SMtAI 
Figure 3. - Concluded. 
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Figure 5. - Effects of rig and 'Ime on the center point m?tal recession. 
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(b) U-700. 
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Figure 6. * Microstructural attack -after 200 one-Hour cycles uniter center point 
conditions. (950°C, 0.90Na, 0.9K. 0.45Ca, 0.45Mg, 3.21C1) 
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CHI SQUARED SCALE 

Figure 7. - Probability plot of piss 1 residuals. 
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Figure 10. - Sulfate phase map. 


